We propose a dynamic operational mode and the resulting dynamic line narrowing as a method for enhancing the resolution and the detection limit of high-quality (high-Q) resonant optical sensors. Using a silica microtoroid as an experimental platform, we demonstrate that dynamic line narrowing through the thermo-optic effect can significantly improve the detection limit in both resonant shift and resonance splitting operating modes. © 2011 Optical Society of America OCIS codes: 230.5750, 280.1415, 120.6810. During the past two decades, various optical sensing technologies have been developed based on unique properties of high-quality (high-Q) resonance in optical microcavities [1, 2] . Small size, sensitivity to optical properties of the surrounding medium, and presence of particles combined with the narrow resonant linewidth make high-Q optical resonance in general and optical microcavities in particular excellent candidates for sensing applications. Independent of the specific microcavity geometry and structure, so far two main mechanisms have been used for detection of refractive index change or presence of molecules/particles in the vicinity of a microcavity: (a) resonant wavelength shift due to a change in effective refractive index (caused by temperature change or interaction of the evanescent optical field with the surrounding medium) [2] and (b) resonant wavelength splitting due to back scattering (caused by small particles attached to the cavity) [3] . Independent of the mechanism used for sensing, the ultimate resolution and therefore sensitivity is limited by the resonant linewidth, and that is why high optical quality factor (Q-factor) is a key feature for achieving better sensitivity and signal-tonoise ratio in resonant optical detection. The detection limit of a resonant optical sensor (S dl ) is proportional to (Δλ s =δλ 0 ), where Δλ s is the resonant wavelength shift or splitting caused by molecules/particles and δλ 0 is the linewidth of the loaded optical cavity [2] . In this Letter, we propose and demonstrate that measurement in dynamic mode, where the laser is scanned through optical resonance, combined with a mechanism that couples the resonant wavelength and the circulating optical power, can improve S dl through a dynamically narrowed linewidth. For our analysis and proof of concept experiment, we use thermal line narrowing in silica microtoroids (due to thermo-optic effect) [4] ; however, with proper design the proposed approach can be applied to other high-Q optical cavities. Theoretical analysis and experimental results show that the dynamic linewidth can be improved over 50 times for a given Q-factor in certain cases. Given the technological challenges associated with fabrication of monolithic optical microcavities with Q-factors exceeding 10 6 , our proposed approach can be an important step toward improving the sensitivity of a large variety of cavity-based optical sensors using proper thermal design as opposed to actual Q-factor improvement. Note that, for biosensing applications, the surface treatment needed for functionalizing the optical cavity reduces the intrinsic Q-factor lower than the fabrication limit. So even optical microcavities with very high Q-factors can benefit from the dynamic linewidth narrowing. The basics of the thermo-optic dynamic behavior in a silica microtoroidal cavity [5] have been studied in [4] . As the laser wavelength is scanned through the resonant optical wavelength (λ res ), the interplay between the thermooptic effect and the resonant power buildup results in thermal linewidth broadening or narrowing depending on the direction of laser wavelength scanning. Although in certain applications the intrinsic locking mechanism in the thermally broadened regime is useful, for most applications including sensing the optical input power (P in ) to the cavity is kept low enough to avoid the thermo-optical linewidth change. Here we show that, as a matter of fact, working in linewidth-narrowed regime and using larger laser input power improves the resolution for both resonant shift and resonant splitting detection techniques (as the main approaches to resonant optical sensing). For cavities made of a material with positive dn=dT (such as silica) when the laser wavelength (λ laser ) is scanned from λ 1 to λ 2 where λ 1 > λ res > λ 2 , the heat generated through resonant power buildup results in a dynamic linewidth (δλ d ) that is narrower than the actual linewidth of the loaded optical cavity (δλ 0 ). A similar effect can be created for negative dn=dT by scanning the laser in the opposite direction. The line-narrowing factor can be defined as the ratio η ¼ δλ 0 =δλ d and serves as the main figure of merit for sensing applications. The detection limit in the dynamic mode (S dl;D ) is proportional to ðΔλ s =δλ d Þ ¼ ηðΔλ s =δλ 0 Þ and therefore is improved by the line-narrowing factor (S dl;D ¼ ηS dl ). The magnitude of η is proportional to the magnitude of dn=dT and the local temperature variation in the vicinity of the optical mode (ΔT mode ) as the laser wavelength is scanned through λ res . Figure 1(a) summarizes the relation between parameters that control η. The optical absorption November 15, 2011 / Vol. 36, No. 22 / OPTICS LETTERS 4395 0146-9592/11/224395-03$15.00/0
During the past two decades, various optical sensing technologies have been developed based on unique properties of high-quality (high-Q) resonance in optical microcavities [1, 2] . Small size, sensitivity to optical properties of the surrounding medium, and presence of particles combined with the narrow resonant linewidth make high-Q optical resonance in general and optical microcavities in particular excellent candidates for sensing applications. Independent of the specific microcavity geometry and structure, so far two main mechanisms have been used for detection of refractive index change or presence of molecules/particles in the vicinity of a microcavity: (a) resonant wavelength shift due to a change in effective refractive index (caused by temperature change or interaction of the evanescent optical field with the surrounding medium) [2] and (b) resonant wavelength splitting due to back scattering (caused by small particles attached to the cavity) [3] . Independent of the mechanism used for sensing, the ultimate resolution and therefore sensitivity is limited by the resonant linewidth, and that is why high optical quality factor (Q-factor) is a key feature for achieving better sensitivity and signal-tonoise ratio in resonant optical detection. The detection limit of a resonant optical sensor (S dl ) is proportional to (Δλ s =δλ 0 ), where Δλ s is the resonant wavelength shift or splitting caused by molecules/particles and δλ 0 is the linewidth of the loaded optical cavity [2] . In this Letter, we propose and demonstrate that measurement in dynamic mode, where the laser is scanned through optical resonance, combined with a mechanism that couples the resonant wavelength and the circulating optical power, can improve S dl through a dynamically narrowed linewidth. For our analysis and proof of concept experiment, we use thermal line narrowing in silica microtoroids (due to thermo-optic effect) [4] ; however, with proper design the proposed approach can be applied to other high-Q optical cavities. Theoretical analysis and experimental results show that the dynamic linewidth can be improved over 50 times for a given Q-factor in certain cases. Given the technological challenges associated with fabrication of monolithic optical microcavities with Q-factors exceeding 10 6 , our proposed approach can be an important step toward improving the sensitivity of a large variety of cavity-based optical sensors using proper thermal design as opposed to actual Q-factor improvement. Note that, for biosensing applications, the surface treatment needed for functionalizing the optical cavity reduces the intrinsic Q-factor lower than the fabrication limit. So even optical microcavities with very high Q-factors can benefit from the dynamic linewidth narrowing. The basics of the thermo-optic dynamic behavior in a silica microtoroidal cavity [5] have been studied in [4] . As the laser wavelength is scanned through the resonant optical wavelength (λ res ), the interplay between the thermooptic effect and the resonant power buildup results in thermal linewidth broadening or narrowing depending on the direction of laser wavelength scanning. Although in certain applications the intrinsic locking mechanism in the thermally broadened regime is useful, for most applications including sensing the optical input power (P in ) to the cavity is kept low enough to avoid the thermo-optical linewidth change. Here we show that, as a matter of fact, working in linewidth-narrowed regime and using larger laser input power improves the resolution for both resonant shift and resonant splitting detection techniques (as the main approaches to resonant optical sensing). For cavities made of a material with positive dn=dT (such as silica) when the laser wavelength (λ laser ) is scanned from λ 1 to λ 2 where λ 1 > λ res > λ 2 , the heat generated through resonant power buildup results in a dynamic linewidth (δλ d ) that is narrower than the actual linewidth of the loaded optical cavity (δλ 0 ). A similar effect can be created for negative dn=dT by scanning the laser in the opposite direction. The line-narrowing factor can be defined as the ratio η ¼ δλ 0 =δλ d and serves as the main figure of merit for sensing applications. The detection limit in the dynamic mode (S dl;D ) is proportional to ðΔλ s =δλ d Þ ¼ ηðΔλ s =δλ 0 Þ and therefore is improved by the line-narrowing factor (S dl;D ¼ ηS dl ). The magnitude of η is proportional to the magnitude of dn=dT and the local temperature variation in the vicinity of the optical mode (ΔT mode ) as the laser wavelength is scanned through λ res . Figure 1(a) summarizes the relation between parameters that control η. The optical absorption (α) and thermal properties of the structural material as well as the geometry of the optical cavity combined with the magnitude of the circulating optical power (P circ ) determine ΔT mode . P circ is controlled by the intrinsic and loaded optical Q-factor (Q 0 , Q L ) and the optical input power (P in ). Figure 1(b) shows ΔT mode plotted against delay time relative to the time at which λ laser ¼ λ res for a typical silica microtoroid estimated using finite element modeling.
Clearly temperature gradually saturates as the heat generation through optical absorption is balanced by the dissipation. Here t s is defined as the time required for ΔT mode to reach half of its saturated value (ΔT mode;max =2). That is why scanning speed plays an important role in the obtaining maximum ΔT mode and therefore η. In order to maximize η, the laser scan speed (v scan Fig. 1(a) ], v c ∼ 56 nm=s, which is in good agreement with the experimental value (∼53 nm=s). Figure 2 shows the measured η and the equivalent Q-factor
is not a real Q-factor and is defined for the sake of comparison (note that, at low power, Q d ¼ Q L ). As predicted by the theoretical model (solid line in Fig. 2 ) [4] , larger P in results in larger η (or Q d ). As shown in the inset of Fig. 2 , using a structural material with a large thermo-optic coefficient can increase η.
In the resonant shift method, the sensing parameter is the resonant wavelength shift caused by effective refractive index (n eff ) change. In the absence of dynamic line narrowing, when the effective refractive index changes from n eff to n eff þ Δn s (due to presence of a particle or molecule), λ res shifts to λ res þ Δλ s (Δλ s ¼ λ res × Δn s =n eff ). In dynamic mode, where the laser is scanned through the resonance, the resonance wavelength shift Δλ s;th can be written as
where ε is the thermal expansion coefficient of the structural material and n 0 is n eff at ΔT ¼ 0. Equation (1) shows the thermal effect not only reduces δλ 0 (to δλ d ) but also amplifies Δλ s (to Δλ s;th ). The shift enhancement (Δλ s;th − Δλ s ) is relatively small for typical microcavity; therefore, the improvement of the minimum detection limit (S dl;D ∝ Δλ s;th =δλ d ) is mainly through dynamic linewidth reduction. In Fig. 3 (a) Δλ s;th =δλ d (blue trace) and Δλ s =δλ 0 (red trace) are plotted against P in to show the improvement of minimum detection limit through high-power operation and dynamic line narrowing. Figure 3 (b) shows the resonant wavelength shift in the presence (P in ¼ 420 μW) and absence (P in ¼ 1:82 μW) of dynamic line narrowing. Here Δn eff is externally induced by changing the temperature of the surrounding medium.
In the resonant splitting method, the sensing parameter is the wavelength splitting caused by the presence of small scattering centers (particles on the cavity). Obtaining a closed-form formula for the magnitude of splitting in the presence of the thermal effect (Δλ s;th ) is a difficult task. So we have used the differential equations governing the modal coupling in whispering-gallerytype resonators [5, 6 ] to estimate Δλ s;th . Our calculation shows that the magnitude of the Δλ s;th is slightly reduced compared to Δλ s (the actual splitting in the absence of thermal effect). However, the linewidth-narrowing factor still dominates, and the detection limit is again improved. The magnitude of (Δλ s;th − Δλ s ) depends on the modal coupling factor (Γ) [6] . Modal coupling factor Γ is defined as τ 0 Δω s , where τ 0 is the intrinsic photon lifetime in the resonant cavity and Δω s is the magnitude of splitting in frequency [6, 7] . Note that Δω s and therefore Γ are proportional to the size and number of scattering centers (particles/molecules). Figure 4 (a) shows the measured transmitted optical power plotted against scanning time for a high-Q split mode with significant line thermal narrowing (P in ¼ 177 μW) and with negligible thermal narrowing (P in ¼ 34:5 μW). Here the splitting is induced by a small defect on the microtoroid wall (resembling the presence of a particle). Figure 4(b) shows the measured and calculated Δλ s;th − δλ d plotted against optical input power for two different modal coupling values.
Although Δλ s;th =δλ d ð∝ S dl;D Þ is always enhanced compared to Δλ s =δλ 0 ð∝ S dl Þ, the enhancement level is limited for small values of Γ. The value of Δλ s;th =δλ d for Γ ¼ 2:3 reaches a maximum at P in ¼ 150 μW and degrades at larger powers, while for Γ ¼ 11:5 it remains proportional to the input power.
In conclusion, dynamic line narrowing can improve the sensitivity limit in resonant optical sensing for both resonant shift and resonant splitting methods. With proper material selection and thermal design, this approach can be extended to other optical-cavity-based sensors. Moreover, other nonlinear optical effects (such as the optical Kerr effect) may be considered to generate dynamic line narrowing and to achieve similar resolution and detection limit enhancement.
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